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Multilocus disease-causing genomic variations for Mendelian
disorders: role of systematic phenotyping and implications
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Multilocus disease-causing genomic variations (MGVs) and multiple genetic diagnoses (MGDs) are increasingly being recognised in
individuals and families with Mendelian disorders. This can be mainly attributed to the widespread use of genomic tests for the
evaluation of these disorders. We conducted a retrospective study of families evaluated over the last 6 years at our centre to
identify families with MGVs and MGDs. MGVs were observed in fourteen families. We observed five different consequences: (i)
individuals with MGVs presenting as blended phenotypes (ii) individuals with MGVs presenting with distinct phenotypes (iii)
individuals with MGVs with age-dependent penetrance (iv) individuals with MGVs with one phenotype obscured by another more
predominant phenotype (v) two distinct phenotypes in different individuals in families with MGVs. Consanguinity was present in
eight (8/14, 57.1%) of them. Thirteen families had two Mendelian disorders and one had three Mendelian disorders. The risk of
recurrence of one or more conditions in these families ranged from 25% to 75%. Our findings underline the importance of the role
of a clinical geneticist in systematic phenotyping, challenges in genetic counselling and risk estimation in families with MGVs and
MGDs, especially in highly inbred populations.
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INTRODUCTION
Next-generation sequencing techniques (NGS) like whole-exome
sequencing (WES) and whole-genome sequencing (WGS) have
become affordable and easily accessible for the diagnosis of
Mendelian disorders. The unbiased approach of these techniques
has led to significant insights into novel and complex disease-
causing molecular mechanisms. The genocentric approaches have
also facilitated the elucidation of newer phenotypes other than
those established earlier through phenotypic homogeneity. With
the integration of these techniques for the diagnosis of rare
disorders, the role of a clinical geneticist has evolved beyond
clinical evaluation. Molecular and bioinformatics knowledge have
become a necessity for contemporary geneticists in order to aid
comprehensive elucidation of the phenotypes and their under-
lying genetic mechanisms [1, 2].
Though the analysis and prioritisation of variants in broad-

spectrum tests especially WES is challenging, it provides a unique
opportunity to decipher the underlying cause of complex genetic
disorders. The use of WES has led to the identification of multilocus
disease-causing genomic variations (MGVs) in individuals with
multiple genetic diagnoses (MGDs) i.e., more than one genetic
diagnosis due to genomic variations at more than one genetic loci,

segregating independently [3, 4]. The presence of MGDs in an
individual has been reported occasionally as isolated case reports.
Recently, there have been reports of a series of individuals with
MGDs interrogated retrospectively in either research or diagnostic
cohorts. Multiple affected individuals in a single-family, multiple
organ system involvement and consanguinity are some factors,
which can predict the occurrence of MGVs and MGDs [4, 5]. The
incidence of MGDs in individuals diagnosed by WES in different
cohorts ranges from 1.4 to 7.2% [3–10].
Identification of MGVs has implications for an individual as well

as families with regard to genetic counselling and reproductive
choice. We hereby present the complexities of phenotype and
genotype of fourteen families with MGVs. We describe how the
input of clinical information and systematic phenotyping aided in
the dissection of phenotypes, challenges faced in genetic
counselling and how MGVs re-defined the risk of recurrence in
these families.

METHODS
We conducted a retrospective study of individuals who underwent genetic
testing at the medical genetics department in Kasturba Medical College,
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Manipal, India from January 2015 to March 2021, to identify individuals
and/or families with MGVs and analyse the impact of MGVs in such
families. Informed consent was obtained from the families for the
publication of images and genetic data. The study has the approval of
the institutional ethics committee. The probands in families F1, 2, 5, 6, 7, 8,
9, 11, 12 and 13 underwent singleton WES. In F3, in addition to the
proband, a sibling also underwent WES. In F4, WES was done for the couple
and their offspring. In F14, trio WES was done (proband and parents). WES
was carried out as described earlier [11]. Sanger sequencing of PAX3 and
GJB2 was done for the proband in family 10. The probands in F13 and 14
also underwent chromosomal microarray. Technical details of the genetic
tests, method for exome sequencing data processing and variant
annotation for the individual families are provided in Supplementary
Material. Sanger sequencing was done for confirming the variant and
segregating the variants in family members. All the variants and
phenotypes were submitted to ClinVar and Leiden Open Variation
Database (LOVD). All the families were provided post-test counselling
and preconception counselling. The affected individuals in those families
were managed by a multidisciplinary approach and supportive care.

RESULTS
From January 2015 to March 2021, WES was used for testing 850
families (1158 individuals) and a molecular diagnosis was
established in 528 families (528/850, 62.1%). Out of the 528
families who received a molecular diagnosis by WES, we identified
thirteen families with MGVs (13/528; 2.4%). Thirteen individuals
from 12 families had multiple Mendelian disorders due to MGVs. In
two families (F3 and F4), though parents carried MGVs, only a
single Mendelian disorder was observed in different individuals in
the family. The details of F8, F9 and F10 were published previously
[12, 13]. Consanguinity was present in eight (8/14, 57.1%) of them.
Thirteen families had two Mendelian disorders and one had three
Mendelian disorders. The summary of phenotypic and genotypic
characteristics of all the families are enumerated in Table 1. The
pedigree of all the families is provided in Fig. 1. Detailed
information of affected individuals and families is provided in
Supplementary Material.

DISCUSSION
A systematic input of clinical information to the genome-wide
tests has aided the dissection of complex phenotypes including
those arising due to the presence of MGVs. We identified a cohort
of 14 families retrospectively, for discussing the challenges in
diagnosis and counselling in families with MGVs and MGDs. A
detailed family history, deep and systematic phenotyping, follow
up evaluation and clinical inputs for the analysis were comple-
mentary to the unbiased candidate prioritisation of genomic data.
In our cohort, the incidence of MGVs in families who underwent

WES was 2.4%, comparable to previous reports. Individuals with
MGVs have been previously discussed in the literature in terms of
phenotypic presentation in affected individuals mainly as blended
and distinct phenotypes. The elucidation of MGVs in a family
appears to be more prudent and is likely to have a wider impact
than recognition of MGVs in individuals. We observed five
different consequences of MGVs i.e., (i) individuals with MGVs
presenting as blended phenotypes (ii) individuals with MGVs
presenting with distinct phenotypes (iii) individuals with MGVs
with age-dependent penetrance (iv) individuals with MGVs with
one phenotype obscured by another more predominant pheno-
type (v) two distinct phenotypes in different individuals in families
with MGVs.
In an affected individual, MGVs can result in MGDs with either a

blended or as two or more recognisable distinct phenotypes. In a
blended phenotype, the individual is presumed to have a single
undiagnosed condition. In our cohort, the blended phenotype was
presumed in the probands in 6 out of 12 families (50%) (F5, F8, F9,
F10, F12, F13). In the cohort described by Balci et al., blended
phenotype was observed in 6 out of 8 families (75%) [4]. Hearing

loss and hypopigmentation in the proband (III-2) in F8, mimicking
a clinical diagnosis of Waardenburg syndrome, is an example of
blending in of phenotypes resembling a single disorder. Interest-
ingly, he had albinotic fundus without any evidence of retinitis
pigmentosa in spite of carrying a known variant in ADGRV1
causing Usher syndrome type 2 C. Similarly in F13, the clinical
features in the proband were presumed to be caused due to
Waardenburg syndrome. In F5, the proband (III-1) had micro-
cephaly, growth retardation, regression of milestones, spasticity
and subtle periventricular white matter abnormalities and was
presumed to have a single genetic disease. The variants in ARSA
and TRMT10A could explain these findings in her. Individuals with
microcephaly, short stature, and impaired glucose metabolism 1
(MIM# 616033) due to TRMT10A variants are known to be at risk
for early-onset diabetes, usually by the second decade. The
diagnosis of multiple genetic diseases as evident in this family
may provide a window of opportunity for screening and
monitoring for treatable complications.
In F1 and F6, distinct phenotypes of two disorders were

observed at presentation. In F1, the proband (III-1) had
microphthalmia and osteogenesis imperfecta, with variants in
STRA6 and SERPINF1 respectively. In proband IV-1 of F6, clinical
features of two distinct disorders i.e., ichthyosis and a storage
disorder with cherry red spots were evident at presentation. WES
was carried out in view of the genetic heterogeneity of both these
conditions. A large deletion in the GM2A gene was noticed on
manual inspection of genes known to cause storage disorders
with cherry-red spot, indicating the relevance of systematic
phenotyping and clinical input in analysis of WES data.
MGD with age-dependent penetrance was observed in two

families (F2 and F11). In F2, the proband (III-2) came to clinical
attention due to family history, parental concerns and biochemical
findings of high CPK at 5 months of age. At that time, the variant in
PYGM was reported, which could explain the elevated CPK. When
she was re-evaluated at 1 year 5 months, she had evidence of self-
mutilation. Reanalysis of WES data revealed a variant, c.287+ 7 G >
T in intron 2 of NTRK1 [NC_000001.10 (NM_002529.3)] confirming
the diagnosis of congenital insensitivity to pain with anhidrosis
(MIM# 256800) in III-2. This variant was at a non-canonical splice
site and hence was not considered in the initial analysis in the
absence of clinical findings. In F11, the proband IV-3 had early-
onset epilepsy with homozygous variants in KCTD7. The second
heterozygous variant observed in MEFV was identified in the WES
data analysis as it was a previously reported variant known to
cause autosomal dominant neutrophilic dermatosis, acute febrile
(MIM# 608068). This condition has childhood-onset and no overt
clinical findings were observed at the time of examination.
Unfortunately, the family was lost to follow up and we were
unable to re-evaluate later.
Five families (F7, F9, F10, F12, F14), represent a scenario where

one Mendelian disorder resulted in a predominant phenotype,
obscuring the second disorder. In F7, the findings were largely
attributable to mitochondrial complex I deficiency in III-1 and
Sanfillipo A disease in III-2. The phenotype of spastic paraplegia,
which usually manifests in the latter half of the first decade or
second decade of life, could not be confirmed in both these
siblings who already had a genetic disorder with a more severe
phenotype at an earlier age. In F9, the proband (III-3) had the
phenotype of PAX3-related Waardenburg syndrome type 1 (WS)
(congenital hearing loss, heterochromia iridis, telecanthus and
hypopigmentation of hair and skin). In spite of having another
variant in EDNRB, Hirschsprung disease was absent. In this family,
both the maternal and paternal side of the family had features of
WS, hence prompting us to look for variants inherited from both
the father as well as the mother. In F10, the phenotype of hearing
loss in III-1 was overshadowed by the presence of clinical findings
of PAX3-related WS. However, the variant causing WS, observed in
the proband was not inherited from the mother, prompting us to
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look for other causative variants for her hearing loss phenotype. In
F12, the proband (IV-1) had characteristic phenotypic findings of
Aicardi-Goutières syndrome 3 (AGS). Two missense variants in
VARS1 were observed in the compound heterozygous state. The

more severe neurodevelopmental phenotype and the MRI
imaging findings of AGS made it challenging to carry out the
clinical correlation of the variants in VARS1. However, dysmorph-
ism in the proband was strikingly similar to the previously

Fig. 1 Pedigree of families depicting the affected individuals and their phenotypes.
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reported individuals with pathogenic variants in VARS1. In such
families with definitely overlapping phenotypes, even with
“reverse phenotyping”, where genomic data drove the search
for phenotypes, it would be difficult to differentiate the extent of
contribution of a particular genotype to the phenotype [14]. These
scenarios posed several challenges in return for genomic results.
The counselling in these families involved delivering the complex-
ity of contribution of each of the reported variants for the
phenotype in question and was further complicated by the
phenomenon of variable expression, non-penetrance and often
variants of uncertain significance.
In F3, F4 and F7, MGVs resulted in more than one disorder in the

family but not MGDs in individuals. In F3, the parents were carriers
of the variants in CPLANE1 and XPA. Their first and second
offspring (III-1 and III-2) had Joubert syndrome 17 and xeroderma
pigmentosum, group A, respectively. Genetic testing in this family
was carried out after the birth of the second child, thus delaying
the diagnosis of MGVs in the family. In F4 and F7, one genetic
disease was identified in the first affected child. Prenatal diagnosis
was done in subsequent pregnancies for the same condition.
However, in both these families, the next offspring had a second
genetic disorder as parents were carriers for more than one
disorder. The couple in F4 underwent carrier screening by WES to
look for variants relevant to the phenotype of their deceased
children with epidermolysis bullosa. The screening in these
individuals was targeted and hence other variants, largely the
variant of uncertain significance including the novel missense
variants, in NDUFV2, which caused mitochondrial complex I
deficiency, nuclear type 7 (MIM# 615688) in their second offspring,
were not looked into [15]. Hence, we recommend that the
limitation of carrier screening by NGS techniques should be
conveyed to the families as part of pre-test counselling.
MGDs are observed more commonly in populations with a high

prevalence of consanguinity. The overall rate of consanguinity is not
available for families seen at our centre during the period of study.
However, of the 850 families who underwent WES, 331 families were
consanguineous (38.9%) and 410 families (48.2%) were non-
consanguineous. Data on consanguinity was not available for 109
families. In our cohort, consanguinity was seen in 8 of the 14 families
(57.1%). The rate of multiple genetic diagnosis in our cohort in
consanguineous families is 2.4% (8/331) and non-consanguineous
families are 1.4% (6/410). This is similar to the previously reported
studies, which reported a higher rate of multiple genetic diagnoses
in consanguineous populations [3, 9]. In our cohort, in one of the
consanguineous families (F11), we identified a de novo variant in
addition to an autosomal recessive disorder. Homozygous variants
were identified in two non-consanguineous families, F4 and F10.
This could be because of hidden consanguinity, endogamy or
inbreeding which are prevalent in India.
The most common inheritance pattern observed in our cohort

was the presence of two autosomal recessive diseases as observed
previously [4]. Eight families in our cohort had two autosomal
recessive disorders (Family 1, 2, 3, 4, 5, 6, 8, 12). Consequently,
most pathogenic variants were seen in genes causing autosomal
recessive disorders. In the study by Posey et al., the most common
variants were identified in autosomal dominant conditions and
the most common pattern observed was pathogenic variants in
two autosomal dominant disorders [3].
The presence of MGVs in a family has several implications in

genetic counselling. However, the most significant implication is
on the risk of recurrence and prenatal diagnosis. Punnett square
to assess the risk of recurrences in different scenarios is provided
in Supplementary Fig. 2. A careful evaluation of risk figures is
warranted in these families. When two autosomal recessive
disorders which segregate independently are present in a family,
the risk of having a child with neither of the two diseases will be
56% (Supplementary Fig. 2A). However, as observed in proband in
F6 (IV-1) the genes NIPAL4 and GM2A are in very close proximity to

each other on chromosome 5 (NIPAL4: chr5:156,886,027-
156,902,730 and GM2A: chr5: 150,631,746-150,651,000). The
chances of recombination and thus independent segregation will
be low and these genes will be most likely inherited as a single
unit. Thus, the chance of having an affected child for this family is
likely to be 25%, similar to that of a single recessive disease. In a
family with three recessive disorders, the chance of having a child
without any of the three autosomal recessive disorders will be
42% (F7 with three different genetic diagnoses) (Supplementary
Fig. 2C). The chance of having any one of these autosomal
recessive disorders is 42%. The chance of an offspring having any
two autosomal recessive disorders will be 14%. Two autosomal
dominant conditions were identified in F9. The chance of this
family having an unaffected child without the two dominant
conditions would be 25% (Supplementary Fig. 2B). The risk of
recurrence will depend on whether the dominant condition is
inherited from a parent or de novo. The proband in F10 had one
dominant and one recessive condition. In this family, the testing in
the father could not be completed and hence recurrence risk
could not be accurately predicted. The proband (IV-3) in F11 had
an autosomal recessive disorder and an autosomal dominant
disorder caused due to a de novo variant. His parents were carriers
for an autosomal recessive disorder. In such a family, the chance of
autosomal recessive disorder in offspring would be 25% and the
chance of a de novo variant occurring again would be less
than 1%.

CONCLUSION
MGVs and MGDs present a complex and challenging scenario for
both the clinic as well as the laboratories performing genomic
testing. The study highlights the impact of systematic phenotyp-
ing through inputs of medical geneticists on the analysis and thus
recognition of MGVs in the genomic data. The presence of MGVs
may often blur the boundary of primary and secondary findings in
individuals and families undergoing genomic testing. However, a
careful dissection of the phenotype and a concurrent unbiased
evaluation of the genomic information aids accurate definitive
diagnoses, genetic counselling and reproductive choice in these
families.
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